The precise signals responsible for differentiation of blood-borne monocytes into tissue macrophages are incompletely defined. "Outside-in" signaling by integrins has been implicated in modulation of gene expression that affects cellular differentiation. Herein, using differential display PCR, we have cloned an 85-kDa forkhead transcription factor (termed Mac-1-regulated forkhead 
Introduction
Pluripotent hematopoietic stem cells undergo progressive restriction in their lineage potential to give rise to mature terminally differentiated cells. The process of hematopoietic differentiation is thought to follow a developmentally ordered pattern of gene expression. Transcription factors play a key role in the lineage determination and maturation of hematopoietic cells (1) . Identification of these regulators and determination of the mechanism of how they activate their target genes are important for understanding the development of monocytes and macrophages. For example, the c-fms gene that encodes for the M-CSF receptor is regulated by the coordinated effects of three transcription factors, PU.1, AML1 (CBFα2), and CCAAT enhancer-binding protein (C/EBP) (2) . This critical receptor is required for the differentiation, proliferation, and survival of monocytic phagocytes. Deficiency of c-fms is associated with large depletions of macrophages in most tissues (3, 4) .
However, the precise external signals that control differentiation of peripheral blood monocyte to tissue macrophage are incompletely defined. Monocytes leave the bone marrow and travel through peripheral blood vessels. Once they reach a tissue, perhaps in response to M-CSF, GM-CSF, monocyte chemoattractant protein-1 (MCP-1), and/or IL-3, they differentiate into macrophages by growing in size and increasing their lysosomal compartment, the amount of hydrolytic enzymes, the number and size of mitochondria, and the extent of their energy metabolism (5) .
Receptors of the integrin family mediate adhesion of cells to extracellular matrices as well as intercellular interactions that are central to inflammation, immunity, hemostasis, and tumor metastasis (6) . These adhesive interactions transduce "outside-in" signals that control complex cell functions, such as proliferation, differentiation, and survival, and require the regulation of gene expression (7) . Neutrophil and monocyte recruitment in acute inflammation is mediated in part by the β 2 -integrin family of receptors, LFA-1 (α L β 2 , CD11a/CD18), Mac-1 (α M β 2 , CD11b/CD18), and p150,95 (α X β 2 , CD11c/CD18). Engagement of β 2 -integrins by a broad repertoire of ligands generates "outside-in" signals, leading to inflammatory cell activation and induction of genes encoding for IL-1β, TNF-α, and tissue factor (8, 9) . While β 2 -integrins have been implicated in modulation of activator protein-1 (AP-1) and NF-κB activity (10) , the signal transduction pathways have been elucidated only recently (11, 12) .
We have shown that mAb blockade (13) or absence (14) of Mac-1 modulates the biological response to vascular injury, reducing vessel wall inflammation and neointimal thickening after experimental angioplasty. This led us to hypothesize that clustering and activation of Mac-1 may initiate a novel gene program that promotes vascular inflammation. Our goal was to identify genes regulated by Mac-1 and to characterize these signaling pathways. Gene transcription was analyzed using differential display PCR (DD-PCR) from Mac-1-clustered compared with Mac-1-nonclustered monocytic THP-1 cells. Herein, we have cloned an 85-kDa forkhead transcription factor (termed Mac-1-regulated forkhead [MFH] and found subsequently to be identical to Foxp1) that is downregulated after Mac-1 clustering and controls monocyte differentiation as a transcriptional repressor of the c-fms promoter.
Results

Mac-1 clustering and gene expression.
To identify novel genes regulated by the clustering and activation of Mac-1, we carried out DD-PCR using total RNA extracted from Mac-1-clustered and -nonclustered THP-1 cells. We clustered Mac-1 by inducing adhesion of THP-1 cells to immobilized fibrinogen, as previously reported (12) . When THP-1 cells were stimulated with the β 2 -integrin-activating mAb KIM127 (15), they adhered robustly to wells coated with fibrinogen and blocked with gelatin, but not to wells coated with gelatin alone ( Figure 1A) . Adhesion of the cells to fibrinogen was inhibited by LPM19c (95% ± 5% inhibition), a mAb that binds to the α M I domain of Mac-1 and blocks ligand binding (16) , indicating that, under these experimental conditions, THP-1 cell adhesion to fibrinogen is Mac-1-dependent.
Mac-1-dependent gene expression was examined using DD-PCR with RNA from adherent (i.e., Mac-1-clustered) THP-1 cells and from cells treated identically except that adhesion was inhibited by LPM19c (i.e., Mac-1-nonclustered). We analyzed cDNA expression patterns from three independent clustering experiments, limiting our focus to genes with qualitatively similar changes in all three experiments. By comparing the intensity of DD-PCR bands, we observed that clustering of Mac-1 is accompanied by changes in gene expression. Figure 1B illustrates a band with reduced intensity after clustering in all three experiments. A cDNA fragment, termed 12CC4 based on the primer pair combination, was recovered from the DD-PCR gel. Northern blot analysis ( Figure 1C ) using this 284-bp labeled probe detected a 4.9-kb band that was downregulated in mRNA purified from Mac-1-clustered THP-1 cells compared with mRNA purified from Mac-1-nonclustered THP-1 cells.
We isolated the full-length cDNA of this gene by a combination of 5′ and 3′ rapid amplification of cDNA ends (RACE). The full-length cDNA sequence of 12CC4 consisted of 4,954 bp, encoding a predicted protein consisting of 677 amino acids (assigned GenBank accession number AF250920 on March 30, 2000) . In vitro-coupled transcription and translation of native full-length 12CC4 produced a single band of predicted size (molecular weight ∼85,000) ( Figure 1D ).
12CC4 contains a winged-helix DNA-binding domain (amino acids 465-536), which defines the protein as likely belonging to the hepatic nuclear factor-3/forkhead domain family of wingedhelix transcription factors (17) . Members of this family take part in a wide range of normal development events including the control of cellular differentiation and proliferation, pattern formation, and signal transduction (18) . On the basis of this homology, we renamed 12CC4 as MFH. Since we deposited the MFH sequence, one independent group cloned the identical sequence using an expression-cloning strategy to identify an antigen for a novel mAb that recognized a nuclear protein in normal tonsil and was also overexpressed in a subset of diffuse large B cell lymphomas (19) . Based on its forkhead homology, this protein was assigned a putative forkhead designation as Foxp1. Using a degenerate-cloning strategy to identify novel forkhead family members involved in lung development, a second independent group has cloned the likely mouse homolog of Foxp1, nearly identical in sequence to human MFH/Foxp1 except for an expanded glutamine-rich region (amino acids 55-230) resulting in a 705-amino acid rather than a 677-amino acid protein (20) . Foxp1 functions as a transcriptional repressor of the surfactant protein C and CC10, two genes potentially important in the developing airway epithelium. Based on the amino acid identity of 12CC4 and human Foxp1, we will refer to 12CC4 as MFH/Foxp1. MFH/Foxp1 expression and monocyte differentiation. Since Mac-1 clustering downregulates MFH/Foxp1 expression and since Mac-1 is required for the firm adhesion of monocytes and their transmigration into tissues, we became intrigued by the possibility that MFH/ Foxp1 may play a role in monocyte differentiation. We first analyzed MFH/Foxp1 expression in an in vitro system of myelomonocytic differentiation. HL60 cells can differentiate along both the monocytic and the granulocytic lineages. While PMA induces monocyte differentiation (21), all-trans retinoic acid (RA) stimulates granulocytic differentiation (22) . MFH/Foxp1 is expressed in untreated HL60 cells, and its expression was markedly reduced during PMA-induced monocyte, but not RA-induced granulocyte, differentiation (Figure 2A) . We also examined MFH/Foxp1 expression after adhesioninduced differentiation of human peripheral blood monocytes. Macrophage transformation of these cells was also associated with markedly reduced expression of MFH/Foxp1 ( Figure 2B ).
MFH/Foxp1 modulates monocyte differentiation. In order to study a role for MFH/Foxp1 in monocyte differentiation, we performed experiments examining the effects of overexpression of MFH/Foxp1 on PMA-induced monocyte differentiation in vitro. As read-outs, we examined cellular morphology, adhesion molecule expression and function, and phagocytosis. We overexpressed MFH/Foxp1 by two different strategies. The first strategy involved stably transfecting HL60 cells using a pcDNA3.1/myc-his(-)A vector containing full-length MFH/Foxp1. High-expressing MFH/Foxp1 mixed clones were isolated by G418 selection and single clones by limiting-dilution techniques. Overexpression of MFH/Foxp1-myc ( Figure 3A ) prevented PMA-induced cell spreading and morphologic macrophage-like differentiation ( Figure 3B ).
The second strategy used murine stem cell virus (MSCV) retroviral constructs harboring MFH/Foxp1-FLAG and HL60 cells that had been engineered for retroviral transduction. HL60 cells were transduced with MSCV.MFH/Foxp1.GFP or vector control (MSCV. GFP), and the effect of overexpression of MFH/Foxp1 on CD11b expression and function was assessed. Retroviral transduction was efficient, and after cell sorting, more than 90% of cells were GFP-positive. Overexpression of MFH/Foxp1 markedly attenuated PMA-induced CD11b expression over time ( Figure 4A ), resulting in impaired CD11b-dependent adhesion to fibrinogen ( Figure 4B ). We also tested the effect of MFH/Foxp1 on phagocytic activity, the longest-known function of macrophages. HL60 cells transduced with control virus (MSCV.GFP) and stimulated with PMA were incubated with fluorescent zymosan particles for 2 hours. As shown in Figure 4C , control virus-transduced cells robustly took up zymosan particles and became intensely red-fluorescent. In contrast, cells transduced with MSCV.MFH/Foxp1.GFP took up fewer zymosan particles (60 ± 7 beads per low-power field vs. 180 ± 14 beads per field, n = 3-4, P < 0.01), indicating that they had significantly reduced phagocytic activity. Taken together, these results demonstrate that expression of MFH/Foxp1 is capable of inhibiting monocyte differentiation in vitro.
Regulation of c-fms expression by MFH/Foxp1. We next tested whether MFH/Foxp1 could regulate expression of c-fms and PU.1, two genes known to participate in monocyte differentiation and whose deficiency is associated with a paucity of tissue macrophages. HL60 cells transduced with control virus (MSCV.GFP) were stimulated with PMA, and the expression of c-fms and PU.1 was assessed by Northern analysis. As shown in Figure 5A , PMA induced the expression of these macrophage-specific genes in control virus-transduced cells. In contrast, cells transduced with MSCV.MFH/Foxp1.GFP demonstrated delayed and attenuated expression of c-fms. Overexpression of MFH/Foxp1 had no effect on the expression of PU. firmed that the Mac-1-dependent changes in MFH/Foxp1 and c-fms expression also occurred at the protein level ( Figure 5C , left panel). Importantly, we observed a similar expression pattern of MFH/Foxp1 and c-fms after Mac-1 clustering in peripheral blood human monocytes ( Figure 5D ).
Given our prior report that clustering of Mac-1 under identical experimental conditions recruits Toll/IL-1 receptor signaling intermediates to modulate NF-κB activity (12), we were intrigued by the possibility that NF-κB may play an upstream role in regulating MFH/Foxp1 and c-fms. Tyrosine kinases (23) and MAPK (9) are also known to be activated after Mac-1 engagement. Therefore, to gain insight into whether these signaling pathways are involved in regulating MFH/Foxp1 and c-fms, we examined the effect of a panel of inhibitors on MFH/Foxp1 and c-fms expression in response to Mac-1 clustering ( Figure 5C , right panel). Inhibition of PI3K (wortmannin) did not affect MFH/Foxp1 and c-fms expression. In contrast, inhibition of NF-κB activation with the proteosome inhibitor bortezomib/PS-341 (24) had a striking effect on the expression of MFH/Foxp1 and c-fms in response to Mac-1 clustering. Bortezomib enhanced, rather than decreased, MFH/Foxp1 expression and abolished the expression of c-fms. Inhibition of p38/SAPK2 MAPK (SB203580) or tyrosine kinases (herbimycin A) attenuated the downregulation of MFH/Foxp1 and the upregulation of c-fms in response to Mac-1 clustering. Taken together, these observations suggest that, although multiple signaling pathways may be involved, NF-κB likely plays an important role in the regulation of MFH/Foxp1 and c-fms.
MFH/Foxp1 functions as a transcriptional repressor of c-fms. We next tested whether MFH/Foxp1 could regulate expression of the c-fms promoter. Examination of the proximal region of the human c-fms promoter revealed the presence of multiple Foxp1-like (25) binding sites. Cotransfection studies showed that full-length MFH/Foxp1 decreased c-fms promoter activity by 72% ± 11% (P < 0.01) (Figure 6A) . In contrast, expression of MFH/Foxp1 did not affect the promoter activity of macrophage migration inhibitory factor or PPARγ-1 reporter constructs (data not shown) or the expression of β-galactosidase from the pCMV-β-gal reference plasmid; this indicates that the observed repression of c-fms is likely specific.
Identification of repression domain. Recent studies have reported that an independent transcription-repressor domain of murine Foxp1 and Foxp2, which are highly homologous to human MFH/ Foxp1, lies in the N-terminal end of the protein spanning the zincfinger and leucine-zipper domains (20) . However, human MFH/ Foxp1 is a smaller protein with a contracted polyglutamine region, which raises the possibility that an alternative mechanism(s) may be responsible for human MFH/Foxp1-mediated transcriptional repression. To characterize the region(s) within MFH/Foxp1 that is responsible for the transcriptional repression activity observed on the c-fms promoter, a series of N-and C-terminal MFH/Foxp1 deletion mutants were generated, cotransfected with a c-fms reporter construct, and assayed for loss of repression in transient transfection assays (Figure 6A ). These deletion mutants were designed on the basis of the predicted modular domain structure of MFH/Foxp1 in order to isolate the potential contributions of the glutamine-rich region (amino acids 55-200), the zinc-finger region (amino acids 308-331), and the winged-helix/forkhead DNA-binding region (amino acids 465-536) to the repressor activity of MFH/Foxp1. In all cases the authenticity of each construct was confirmed by sequence analysis and immunoblotting using anti-MFH/Foxp1 and anti-c-myc antibodies ( Figure 6B ). N-terminal deletion analysis demonstrated that repression of the c-fms promoter required the glutamine-rich domain ( Figure 6A ). Deletion of the winged-helix/forkhead DNA-binding domain was also accompanied by loss of repression. Taken together, these results suggest that both the glutamine-rich and the winged-helix/ forkhead DNA-binding domains of MFH/Foxp1 are required for transcriptional repression.
MFH/Foxp1 represses transcription through binding sites within the c-fms promoter. Given that MFH/Foxp1 repression required the DNAbinding domain, we next sought to determine the region within the c-fms promoter (2) that mediated this effect. Examination of the c-fms promoter revealed three uncharacterized sequences ( Figure  7A ), that can be aligned with a Foxp1-like (25) consensus sequence ( Figure 7B ). In the first set of electrophoretic mobility shift assay (EMSA) experiments, we focused on the -115 CAAGGCTTT-GTTTTCTTCTTAA -94 site, designated binding site-1 wild-type (bs1WT), in which the Foxp1-binding site is underlined, and observed a specific interaction between bs1WT and GST-MFH/ Foxp1 ( Figure 7B ). Mutation of several bases within this sequence (i.e., bs1mut1, bs1mut2, bs1mut3) that are conserved in the Foxp1 consensus reduced the binding of GST-MFH/Foxp1 ( Figure 7B ). The ability of MFH/Foxp1 to interact with the two additional forkhead-like sites within -13 GGAAAACAAGACAAACAGCC +7 was examined by synthesis of a single oligomer, designated bs2/ 3WT. We observed a specific interaction between bs2/3WT and GST-MFH/Foxp1, and mutation of this sequence (bs2/3mut: -13 GGAtgcagAGACgtcgtGCC +7; mutated bases in lower case) eliminated binding ( Figure 7B ). Taken together, these observations suggest that MFH/Foxp1 is capable of interacting with forkhead-like sites within the c-fms promoter.
The monocyte-specific expression of c-fms is regulated by at least three transcription factors interacting with critical regions of the c-fms promoter, including PU.1, AML1, and C/EBPα (2). Since the MFH/Foxp1 binding sites are adjacent to the C/EBPα (-84 ATTTCCAAAC -75) and PU.1 (-51 AAAGGGGAAGAAGAGGAT-CA -32) binding sites, we examined the effect of MFH/Foxp1 on PU.1-and C/EBPα-stimulated c-fms promoter activity. HeLa cells were cotransfected with PU.1 and/or C/EBPα expression construct along with a luciferase reporter carrying the c-fms promoter region spanning the Foxp1 and C/EBP sites. Transfection of PU.1 stimulated c-fms luciferase activity two-to threefold, C/EBPα stimulated c-fms luciferase activity tenfold, and the combination of PU.1 and C/EBPα stimulated luciferase activity 14-fold compared with vector alone ( Figure 7C ). Cotransfection of MFH/Foxp1 with PU.1 and C/EBPα significantly attenuated PU.1-stimulated, C/EBPα-stimulated, and combined PU.1/C/EBPα-stimulated c-fms promoter activity (62%, 82%, and 61% inhibition, respectively).
Next, we examined the effect of mutations of the c-fms promoter that eliminated MFH/Foxp1 binding in EMSAs ( Figure 7B ). Mutation of bs1WT and bs2/3WT sites (i.e., bs1/bs2/3 triple mutant) attenuated MFH/Foxp1-mediated repression of the c-fms promoter, with complete elimination of repression of combined PU.1/C/EBPα-stimulated c-fms promoter activity ( Figure 7C ). Taken together, these observations indicate that MFH/Foxp1 binds specifically to heretofore uncharacterized Foxp1 forkhead sites within the c-fms promoter and operates as a transcriptional repressor of c-fms expression.
Mac-1 deficiency and MFH/Foxp1. We hypothesized that deficiency of Mac-1 would lead to impaired downregulation of MFH/Foxp1 expression and, in turn, altered monocyte maturation in vivo. To explore signaling functions of Mac-1 distinct from its role in migration, we selected the thioglycollate peritonitis model, because inflammatory cell recruitment is unaffected by Mac-1 deficiency (26, 27) . Peritoneal cells were harvested 16 hours after thioglycollate instillation, and MFH/Foxp1 expression was assessed by immunoblotting. MFH/Foxp1 expression was markedly reduced in wild-type compared with Mac-1-deficient cells (Figure 8 ), suggesting that Mac-1 regulates MFH/Foxp1 expression in vivo.
To determine whether Mac-1 signaling modulates monocyte differentiation in vivo, we performed flow cytometric analysis of thioglycollate-induced peritoneal inflammatory cells in wild-type and Mac-1-deficient mice using mAb's, including ER-MP12 and ER-MP20, that recognize antigens associated with distinct stages of increasing monocyte maturation (28) . ER-MP12 recognizes the CD31 antigen (PECAM-1) (29), while ER-MP20 is directed to the Ly-6C antigen (30) . Monocyte maturation is accompanied by a shift from ER-MP12 high /ER-MP20 low to ER-MP12 + /ER-MP20 + and ER-MP12 low /ER-MP20 high populations of cells. Mature macrophages no longer express ER-MP12 or ER-MP20 (31). Although ER-MP12 and ER-MP20 recognize other cells, double staining with MOMA-2, which recognizes both bone marrow monocyte/macrophage precursors and mature macrophages (32) , permits the definitive identification of cells of the monocytic lineage.
Figure 7
MFH/Foxp1 represses transcription of c-fms through Foxp1-like binding sites within the c-fms promoter. (A) Examination of the c-fms promoter revealed three uncharacterized sequences (bs1, bs2, and bs3) that can be aligned with a Foxp1-like (25) consensus sequence. (B) EMSA was performed as described in Methods. The GST-MFH/Foxp1 fusion protein was incubated with 32 P-labeled bs1WT, bs2/3WT, or mutant c-fms duplex oligonucleotides. A single dominant DNA-protein complex was seen with both bs1WT and bs2/3WT (arrows). (C) Effect of MFH/Foxp1 on wild-type and mutant c-fms promoter activity stimulated by PU.1 and C/EBPα. HeLa cells were cotransfected with PU.1, C/EBPα, and/or MFH/Foxp1 expression constructs along with a wild-type c-fms luciferase reporter (black bars) or bs1/bs2/3 triple mutant c-fms luciferase reporter (white bars). This region of the c-fms promoter (-175 to +71) contains the transcription factor binding sites for C/EBPα and PU.1. Luciferase activities were determined, normalized on the basis of β-galactosidase activity, and plotted as percent promoter activity compared with that of the wild-type c-fms promoter treated with vector alone (mean ± SD, n = 3).
Peritoneal inflammatory cells were isolated and double-stained with MOMA-2 and either ER-MP12 or ER-MP20 and then analyzed by flow cytometry (Figure 9 ; Table 1 ). ER-MP20 staining was significantly reduced in MOMA-2 + /Mac-1-deficient compared with wild-type cells. There was a nonsignificant increase in ER-MP12 staining in MOMA-2 + /Mac-1-deficient cells. Alteration in monocyte maturation was also confirmed by reduced staining of the myeloid marker Gr-1 (33) in MOMA-2 + /Mac-1-deficient compared with wild-type cells. Importantly, diminished MP-20 and Gr-1 staining in Mac-1-deficient MOMA-2 + cells is similar to the pattern of staining in PU.1-deficient MOMA-2 + cells (28) . Taken together, these observations suggest that Mac-1 signaling modulates monocyte maturation in vivo.
Discussion
The precise external signals that control differentiation of peripheral blood monocytes to tissue macrophages are incompletely defined. In this study, we have shown that Mac-1 engagement downregulates the expression of MFH/Foxp1, a transcriptional repressor of c-fms. Furthermore, deficiency of Mac-1 is associated with altered regulation of MFH/Foxp1 and monocyte maturation in vivo. This represents a new pathway for integrin-dependent modulation of gene expression and control of cellular differentiation.
Integrins regulate gene expression through the activation of transcription factors. A direct link between β 2 -integrins and transcription factors has remained elusive until the recent demonstration that the cytoplasmic tail of LFA-1 interacts with the transcriptional coactivator JAB1 and modulates AP-1 activity by regulating JAB1 nuclear localization (11) . Given our prior observation that Mac-1 associates with IL-1 receptor-associated kinase 1 (IRAK1) and modulates NF-κB activity in a cascade involving TNF receptor-associated factor 6 (TRAF6) and TGF-β-activated kinase 1 (TAK1) (12), we were intrigued by the possibility that NF-κB may play an upstream role in regulating MFH/Foxp1 and c-fms. Inhibition of NF-κB activation with the proteosome inhibitor bortezomib (24) had a striking effect on the expression of MFH/Foxp1 and c-fms, increasing rather than decreasing MFH/Foxp1 expression and blocking c-fms expression in response to Mac-1 clustering. However, since bortezomib has other biological actions, including the inhibition of IL-6-triggered MAPK activation (24) , this finding does not rule out a role for other signaling intermediates. Identification of the signaling pathways linking Mac-1 clustering and MFH/Foxp1 will require detailed characterization of the MFH/Foxp1 promoter region and are the focus of ongoing studies. Emerging experimental evidence suggests that NF-κB is capable of gene trans-repression (34) (35) (36) and provides an important line of mechanistic investigation for future studies.
An important aspect of our work is the identification of an endogenous target for MFH/Foxp1. Overexpression of Foxp1 has been shown to repress transcription of the SV40 promoter (25), the IL-2 promoter (25), and lung-specific CC10 promoter (20) The monocyte-specific expression of c-fms is regulated by three transcription factors interacting with critical regions of the c-fms promoter, including PU.1, AML1 (CBFα2), and C/EBP (2). The MFH/Foxp1 binding sites identified in this study are immediately adjacent to the C/EBP and PU.1 binding sites, respectively ( Figure  10 ). It is known that C/EBPα and the AML1 heterodimer synergisti-
Figure 8
Mac-1 deficiency and MFH/Foxp1. Peritoneal cells were harvested from two wild-type (+/+) and two Mac-1-deficient (-/-) mice 16 hours after thioglycollate instillation, and cells were lysed with SDS-PAGE reduced-sample buffer and then immunoblotted sequentially with anti-MFH/Foxp1 and anti-tubulin antibodies.
Figure 9
Mac-1 deficiency and monocyte maturation. Peritoneal cells from wild-type (WT) and Mac-1-deficient (Mac-1 -/-) mice were harvested and double-stained with FITC-conjugated MOMA-2, biotinylated ER-MP12 or ER-MP20, and PE-conjugated Gr-1 antibodies. ER-MP12 and ER-MP20 were stained using streptavidin-PE-cyanine5. MOMA-2 versus ER-MP12, ER-MP20, or Gr-1 FACS data of wild-type and cally activate the promoter (2), which raises the notion that physical interactions among MFH/Foxp1, C/EBPα, AML1, and/or PU.1 may be responsible for repression. Further studies are underway to dissect the nature of the inhibitory protein-protein interactions between MFH/Foxp1 and the known activators of c-fms expression.
MFH/Foxp1 contains a glutamine-rich region at the aminoterminal end and a putative zinc-finger domain. Glutamine-rich regions such as these have been implicated as transcriptional activation/repression domains in other transcription factors (37, 38) . Zinc-finger motifs have been implicated in transcriptional repression, most notably in the cases of YY1 and AEBP2 (39) . Recent studies have reported that an independent transcription-repressor domain of murine Foxp1, which is highly homologous to human MFH/Foxp1, lies in the N-terminal end of the protein spanning the zinc-finger and leucine-zipper domains (20, 25) . In contrast, in our study using human MFH/Foxp1, deletion analysis suggests that transcription repression requires the glutamine-rich as well as the DNA-binding domains ( Figure 6A ). Several possibilities might explain the apparent discrepancy. First, there are significant structural differences between mouse and human Foxp1. Mouse Foxp1 contains an expanded polyglutamine tract (amino acid residues 78-108), which results in a larger mouse protein (∼90 kDa) compared with the human protein (∼85 kDa). Second, our deletion analyses have focused on a physiologic target gene (i.e., c-fms) rather than the nonphysiologic SV40 promoter (25) or putative physiologic targets (e.g., IL-2 and CC10 promoters). Third, cellspecific effects are likely operative, as evidenced by the prior report of Wang and coworkers that the activator/repressor activity of the glutamine region differs in Jurkat compared with 293T cells (25) .
The intensity of inflammation is determined by both the extent of leukocyte recruitment and the proinflammatory actions of infiltrating leukocytes. Mac-1 regulates important leukocyte functions including migration, phagocytosis, and oxidative burst. Targeting leukocyte receptors like Mac-1 interrupts the adhesive and migratory capability of leukocytes and reduces tissue injury in models of inflammation (40) . This study now provides in vivo evidence that Mac-1 regulates the expression of MFH/Foxp1 and monocyte maturation (Figure 8 ). Mac-1-dependent signals promoting downregulation of MFH/Foxp1 and, in turn, monocyte differentiation are therefore an obvious target for a new type of anti-inflammatory treatment.
Methods
Biological reagents and expression vectors. Anti-CD11b mAb included LPM19c (DAKO Corp., Carpinteria, California, USA), directed to the αMI domain and capable of blocking fibrinogen binding (41) . The stimulating anti-CD18 mAb KIM127 (15) was a gift of M. Robinson (CellTech, Slough, United Kingdom). Anti-α-tubulin and -Flag-tag mAb's were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and polyclonal anti-c-myc and anti-c-fms from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA). Flow cytometry mAb's included FITC-conjugated MOMA-2 (Serotec Inc., Raleigh, North Carolina, USA), r-phycoerythrin-conjugated (r-PE-conjugated) Gr-1 (BD Biosciences, San Jose, California, USA), and biotinylated ER-MP12 and ER-MP20 (Bachem Biosciences Inc., Torrance, California, USA). Anti-MFH/Foxp1 polyclonal antibody was raised against the carboxyl-terminal sequence CDHDRDYEDEPVNEDME and purified by affinity chromatography (Zymed Laboratories Inc., South San Francisco, California, USA). TGF-β1 and 1,25-(OH)2 vitamin D3 were from EMB Biosciences Inc. Peritoneal cells from wild-type and Mac-1-deficient mice were harvested and double-stained with FITC-conjugated MOMA-2, biotinylated ER-MP12 or ER-MP20, and PE-conjugated Gr-1 antibodies. ER-MP12 and ER-MP20 were stained using streptavidin-PE-cyanine5. Values represent mean fluorescence intensity found in gated wild-type and Mac-1-deficient MOMA-2 + population (mean ± SD, n = 3-5). 
Figure 10
